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Introduction
Transformation-induced plasticity (TRIP) steels exhibit microstructures comprising polygonal ferrite (PF), bainitic ferrite (BF), granular bainite (GB), retained austenite (RA) and martensite (M). BF comprises ferrite laths with inter-lath RA films; whereas, GB consists of irregular-shaped ferrite with dispersed blocky RA and/or M/RA constituent [1, 2] . TRIP steels display an outstanding combination of strength and formability due to the multi-phase microstructure and the TRIP effect, which arises from RA-to-martensite transformation during straining [2, 3] .
The resistance of RA transformation to martensite, namely its stability, is a key factor for mechanical property control [3] [4] [5] [6] . Therefore, the RA stability has been intensely studied with respect to its carbon (C) content [2, 7] , morphology [5] , size [8] , orientation [9, 10] and neighbouring phases [11, 12] using step-wise straining electron backscattering diffraction (EBSD) [8] , electron probe microanalysis [13] , neutron diffraction [14] , synchrotron X-ray diffraction [15, 16] , transmission electron microscopy (TEM) and atom probe tomography (APT) [17, 18] . The general results can be summarised as follows. First, a certain intermediate C content in RA should be maintained to maximise the contribution of the TRIP effect to elongation. Here a C content that is too high leads to an incomplete transformation during straining, whereas a C content that is too low results in an early transformation of RA to martensite [2, 7, 19, 20] . Second, blocky RA transforms to martensite during the early stage of deformation, whereas film RA shows a low tendency for martensite transformation even until fracture [4, 6, 8] . Third, an increase in the RA grain size leads to early transformation due to availability of a greater number of martensite nucleation sites (such as slip steps and stacking faults) [8] . Fourth, when the RA exhibits an orientation facilitating its deformation, it will result in an early RA-to-martensite transformation [9, 10, 21] . Lastly, there is contradictory evidence with respect to the effect of neighbouring phases on the RA stability. While some studies reported that the film RA between BF laths is more stable than the RA surrounded by PF due to high C content and stress shielding by BF laths [22, 23] , Tomota et al. [14] pointed out that the RA enclosed by PF is more stable because of stress relaxation.
It is highlighted that neighbouring phases not only determine the RA morphology but also affect its C content and stress partitioning. Thus, careful attention should be paid to the effect of neighbouring phases, which has not been systematically investigated so far [4, 9, 11, 19, 22] . APT is a powerful characterisation technique for chemical composition analysis and has previously been applied for determination of C content in RA. However, in the majority of cases, unless APT was correlated with EBSD/TEM analysis [24, 25] , the RA morphology and its neighbouring phases could not be directly determined from APT but were assumed based on comparison with TEM observations [7, 8, 17, 26] . In addition to this drawback, RA and martensite cannot be distinguished in APT experiments because RA transforms to martensite due to the low testing temperature [17, 26] . To overcome the former two issues, a site-specific investigation is carried out in the present study by correlating EBSD, TEM and APT.
Moreover, APT can also provide insight into the elemental redistribution across the interfaces and thus provide an indication of the mechanisms of phase transformation. For example, the observed substitutional solute spikes (such as Mn and Si) at the interface between austenite and BF lath in a high-carbon TRIP steel, was explained by the local equilibrium, negligible partitioning (LENP) mode where redistribution of the substitutional solute elements is allowed [18] . Alternatively, the absence of substitutional elements redistribution between austenite and BF lath was attributed to diffusionless transformation of BF [27, 28] .
It is well known that the transformation mechanism of bainite (diffusional versus diffusionless) has been debated for a long time. During the growth of bainite, the theory of diffusionless transformation suggests that there is no C diffusion [29] , while the diffusional transformation considers C redistribution at the migrating austenite/ferrite interface [30, 31] .
However, these two mechanisms assume that substitutional solutes do not redistribute at the austenite/ferrite interface during the growth of bainite [29, 30] . Recently, Chen et al.
proposed the so-called Gibbs energy balance (GEB) approach in order to evaluate the effect of alloying elements on the bainite growth [32, 33] . The approach considers Gibbs energy dissipation due to the alloying element diffusion inside the interface.
Depending on the time of BF formation during isothermal bainite transformation (IBT), the GEB approach predicts three growth modes in the sequence of paraequilibrium (PE), negligible partitioning (NP) and partitioning (P) [32] [33] [34] [35] . When the transformation kinetics of austenite-to-bainite exhibits a fast growth mode at an early stage, there is no substitutional solute diffusion and the transformation is only controlled by C diffusion under PE condition.
When the kinetics turns to a slow growth mode due to the C enrichment in austenite, and in turn a reduced driving force, the bainite transformation follows NP condition where the substitutional solute diffusion inside the austenite/ferrite interface is promoted, resulting in solute segregation. The bainite transformation at the very late stage proceeds under the P condition where the growth of bainite requires substitutional solute diffusion inside the austenite, leading to the formation of solute segregations [18, 32, 36] . However, to date, the corresponding experimental observations of the above three growth modes have not been provided. Therefore, in the current study, several interfaces between austenite and BF laths or ferrite in GB were investigated using site-specific APT characterisation in order to elucidate the diffusion behaviour of substitutional solute elements in light of the GEB approach.
With the above outlook in mind, the present study is the first to experimentally clarify and systematically analyse the effect of neighbouring phases on the RA morphology and its C content in a strip cast TRIP steel. Following this, some of the general conclusions reported in previous studies, with respect to the size and carbon content of RA, are disputed and new evidence is provided. Based on the GEB approach, the analysis of substitutional solute element distributions across the interfaces between austenite and BF laths or ferrite in GB, suggests a PE growth model for GB and BF, and NP or P growth model for BF formed at later stages. Diffusionless model of BF formation followed by tempering can also explain the observed substitutional elements partitioning with the exception of one case.
Experimental details
As-cast samples were produced at Deakin University using a dip tester, which can simulate rapid cooling during solidification when liquid steel contacts twin rolls in strip casting [37, 38] . Post deformation (i.e. rolling) was not applied to these samples. The chemical composition of the present TRIP steel is listed in Table 1 in weight and atomic percent. was analysed using direct comparison method while its carbon content was calculated using austenite lattice parameter according to an empirical equation [39] . Further details of the heat treatment procedure and XRD analysis are given in Ref. [39] .
Thin foils (ϕ3 mm discs) were produced by wire-cutting the sample through the thickness, mechanical polishing to 80 μm in thickness and twin-jet electropolishing (TenuPol-5, Struers)
using an electrolyte containing 10 vol. % perchloric acid in methanol. EBSD was carried out on these thin foils using a field emission gun -scanning electron microscope (FEG -SEM) Following phase identification from the EBSD maps, atom probe specimens were prepared by the site-specific lift-out method [41, 42] as briefly presented in Figs were determined from bulk measurements of the volumes located far from interfaces and without any visible clusters, precipitates or solute segregations to planar defects. Interfaces were visually highlighted using iso-concentration surfaces, created using a voxel size of 1×1×1 nm 3 and a delocalisation of 3×3×1.5 nm 3 , where the threshold iso-concentration value was chosen as the midpoint of difference in C content between the adjacent phases. A minimum of 20 atoms was used for cluster detection in order to eliminate random fluctuations. The maximum separation distance method was used for cluster-finding, with a maximum distance of 1 nm and a grid spacing of 0.1 nm [43] . The Guinier radii (r G ) of clusters were calculated from gyration radii (l g ) using the following equation [43] :
(1)
Results

Correlation of microstructure using transmission electron microscopy and electron backscattering diffraction
A detailed microstructure characterisation for the studied processing condition has been reported elsewhere [39] . Here, it is worth reminding that the microstructure after holding at 400 ˚C for 900 s was comprised of 0.55±0.06 fraction of PF and 0.045±0.003 fraction of RA, in addition to GB, BF, and a small amount of martensite (Figs. 2(a-c)) and Widmanstätten ferrite [39] . Hereafter, the islands within polygonal ferrite grains containing GB and/or BF are defined as second phase regions. The average sizes of PF and second phase regions were 17±10 and 21±24 μm, respectively [39] . 3(a, b)). These five types of RA were also reported by other researchers [2, 9, 22] . In addition, the Kurdjumov-Sachs orientation relationship ({110} bcc //{111} fcc , 〈111〉 bcc //〈101〉 fcc ) [44] was observed between RA and martensite ( Fig. 2(b) ) or BF lath ( Fig. 2(c) ). It is noted that some nano-sized RA laths that are clearly identified using TEM (c.f. Figs. 2(a) and (d)) were not film retained austenite between bainitic ferrite laths (the zone axis of (c) insets is and ;
the zone axis of (d) inset is (001) γ ); (e) small blocky retained austenite between bainitic packets (the dashed lines showed the boundaries of three bainitic packets). PF is polygonal ferrite, SPR is second phase region, GB is granular bainite, BF is bainitic ferrite, M is martensite and RA is retained austenite.
Atom probe tomography study correlated with electron backscattering diffraction
Figs. 1(a) and 3 show representative EBSD maps that were used to define the lift-outs for APT specimen preparation. "F", "B" and "A" stand for film RA between BF laths (F1 -F3), blocky RA adjacent to PF (B1, B2, B4 and B5) or present in GB (B3), and blocky RA among PF (A1 and A2), respectively. Examples of RA atom maps are shown in Figs. 4 -7. Based on the total number of ions collected from the volume free from any visible solute segregation, the chemical compositions of RA were calculated and are listed in Table 2 . The observed C contents in RA are consistent with those published by many researchers [7, 8, 17, 26, 27] . For As seen in Table 2 , the C content in the film RA (F1 -F3) increased from ~ 3 to 6.36 at. %, with a decrease in the size of second phase region from 83.8 to 25.6 µm. In the blocky RA adjacent to the PF (B1, B2 and B4) or present in GB (B3), the C content also increased from 5.10 to 6.08 at. % with a decrease in the size of second phase region from > 50.8 to 7.4 µm.
On the other hand, the B5 sample exhibited a lower C content of 5.73 at. % with a further decrease in the size of the second phase region down to 1.3 µm. The C contents (6.23 -6.78
at. %) in the blocky RA among PF (A1 and A2) were relatively higher than those in the blocky RA adjacent to the PF (B1, B2 and B4) or present in the GB (B3). Noticeably, the film RA did not always have a higher C content than the blocky RA (such as F2 and B1 -B5).
With a decrease in the RA grain size, the C content did not always increase (such as in A1 and A2). 
Film retained austenite between bainitic ferrite laths
A representative film RA between two BF laths (location F1 in Fig. 3(a) ), is shown in Fig. 4 . 
Blocky retained austenite in granular bainite
A representative blocky RA in GB (location B4 in Fig. 3 at. % C iso-concentration surface is visually shown as the interface between retained austenite and ferrite of GB with the removement of isolated fragments for clarity); (e) proximity histogram across the interface. RA is retained autenite and GB is ferrite in granular bainite. The total number of analysed atoms is 2,079,655.
A representative blocky RA adjacent to the cementite (location B5 in Fig. 3(b) ) is shown in at. % C content inherent to cementite stoichiometry [46] . In the core, cementite was enriched in Mn and Cr but depleted in Si because of its low solubility in cementite and high driving force for its removal [18, 47] . In contrast to the present results, no silicon depletion was observed in cementite following 180 s holding at 500 °C for bainite formation in 0.3C-0.25Si-1.22Mn-0.14Cr steel (wt. %) [48] , and also after tempering at 200 °C for 240 hours in 0.98C-1.46Si-1.89Mn-0.26Mo-1.26Cr-0.09V steel (wt. %) [27] . Alternatively, similar to the current work, a significant reduction in the Si content in the cementite core was detected in APT studies of cementite formation in 0.22C-1.19Si-1.53Mn-0.57Al-0.037Nb steel (wt. %) during 1800 s holding at 500 °C [17] and in 0.98C-1.46Si-1.89Mn-0.26Mo-1.26Cr-0.09V steel after tempering at 450 °C for 1800 s [49] .
As pointed out by Caballero et al. [49] , during the early stage of cementite formation, there was no redistribution of substitutional solutes between cementite and ferrite, suggesting 
Blocky retained austenite enclosed by polygonal ferrite
A representative blocky RA enclosed by PF (location A1 in Fig. 1(a) ) is shown by an 8.0 at. % C iso-concentration surface in Fig. 7(a) . The linear feature with high level of C (indicated by a black arrow in Fig. 7(a) ) has been identified as a Cottrell atmosphere. A 1D composition profile aligned perpendicularly across this atmosphere is shown in Fig. 7(b) . Here it can be seen that the dislocation only trapped C atoms but not substitutional solute atoms (Mn, Si and Cr), as suggested by Kalish et al. [50] . Fig. 7(c) depicts the C atom map of PF adjacent to the blocky RA shown in Fig. 7(a) . The Mn,
Si and Cr atom maps are not presented here as these elements have shown homogeneous distributions in PF. C clusters in this PF (indicated by two black arrows in Fig. 7(c) ) are clearly visible and shown at higher magnification in Fig. 7 (d) . A Cottrell atmosphere where C atoms are trapped along the dislocation line can also be seen in the PF, shown nearly parallel to the blue arrow in Fig. 7 (c) , and at higher magnification in Fig. 7 (e). The C content was estimated to be 6.23±0.01 and 0.03±0.002 at. % in RA and PF, respectively, while the Mn content was 1.68±0.01 and 1.62±0.01 at. %, and the Cr content was 0.37±0.01 and 0.26±0.01 at. %.
Cementite adjacent to bainitic ferrite
A limited amount of nanoscale cementite (~ 2.7 nm thickness) was observed by APT between the BF laths and an example is given in Fig. 8(a) , containing 23.39±0.06 at. % C. Similar to the concentration profiles shown in Fig. 6(b) , the Si content in this cementite was also depleted ( Fig. 8(b) ). Cementite was not observed in this study in PF or ferrite in GB, among at least five APT runs for each phase. 
Solute redistribution across the interface
Solute segregation across the interfaces between RA and BF laths ( Fig. 4 ) or RA and ferrite in GB ( Fig. 5 ) was characterised using the following steps. The proximity histogram (similar to Fig. 4(e) ) was measured from a cylindrical region of interest aligned perpendicular to the iso-concentration surface of 3.0 at. % C ( Fig. 9(a) ). Subsequently, the cumulative numbers of solute atoms as a function of the cumulative number of all atoms were plotted in Fig. 9 (b).
Following this, the segregation region was identified by the change in linear relationship (illustrated in Fig. 9(b) , using Mn as an example) such that the widths of the interfacial solute segregation were determined. Fig. 9 (c) shows the interfacial widths for C, Mn and Cr for different interfaces between RA and ferrite (Figs. 4(a) and 5(a)) based on the analysis described above. According to Fig. 9(c) , the relative diffusion distances of Mn and Cr with respect to the C interface are listed in Table   3 . As can be seen, for the upper interface between RA and BF lath (Fig. 4) , the Mn interface width is greater than that of the C, whereas for the lower interface, the Mn interface width is again slightly greater than that of C, but shifted ∼1.0 nm towards the austenite side. For the interface between RA and ferrite in GB (Fig. 5 ), the Mn interfacial region also moves towards the austenite side but to a slightly larger distance of ∼1.1 nm. Toji et al. [25] also reported a diffusion distance of Mn less than 2 nm during 300 s holding at 400 ˚C in a quenched and Page | 19 partitioned steel. The Cr interface regions had similar ranges to those determined for Mn ( Fig.   9 (c) and Table 3 ). It should be noted that the distances listed in Table 3 slightly The Gibbsian interfacial excess of Mn and Cr (Table 3) is calculated as follows [54] :
Page | 20 (2) where is determined as shown in Fig. 9(b) , ƞ is the atom probe detection efficiency (ƞ = 0.42), and A is the selected interfacial area. The interface between RA and ferrite in GB ( Fig. 5 ) exhibits the lowest Γ i for Mn and Cr, while the upper interface between RA and BF lath ( Fig. 4) has the highest Γ i for Mn and Cr. Here an increase in the diffusion lengths of Mn and Cr corresponds to a decrease in the Gibbsian interfacial excess. These results provide supportive evidence for the diffusion of Mn and Cr. 
Discussion
Carbon partitioning
The formation of PF, GB and BF during the two-stage heat treatment of the present TRIP steel is responsible for the C enrichment in austenite. First, C was rejected into austenite during the formation of PF (which refers to remaining austenite hereafter) upon cooling to 670 ˚C and holding for 90 s at the same temperature. Following this, the C enrichment in the remaining austenite continued due to the formation of GB and BF during cooling to the IBT temperature of 400 ˚C and holding for 900 s. According to the APT data analysis of volumes free from any visible segregation, the average C content in PF and ferrite in GB/BF lath was 0.025±0.003 and 0.43±0.099 at. %, respectively. The latter value is about 6 times higher than that calculated (~ 0.075 at. % [17] ) based on the PE condition between austenite and ferrite.
This high C content in ferrite of GB and BF lath is possibly due to the C atoms being trapped in the octahedral interstices upon diffusionless transformation [55] and/or C-Mn dipole formation [56] . Thus, the contribution of the C atoms rejected into the austenite from PF was much higher than that from ferrite in GB and BF lath.
Additionally, there are another two factors that could hypothetically reduce the capability of ferrite in GB and BF lath to enrich the austenite with C atoms. First, the dislocation density in the ferrite of GB and BF lath (10 14 -10 15 m -2 [7, 27, 28] ) is higher than that in the PF (5.1±0.42×10 13 m -2 [57] ), leading to more C atoms being trapped at the dislocations and consequently less C atoms available for austenite enrichment. Second, the observed nanoscale cementite in the BF (Fig. 8(a) ) could reduce the C atoms available for austenite enrichment, since C partitioning into austenite and carbide precipitation are competitive processes [29] .
The dependence of carbon content of retained austenite on its neighbours
The neighbouring phases of RA were found to affect its morphology. As shown in Fig. 2 , the RA surrounded by PF and/or in GB exhibited blocky shape, the RA between the BF laths displays film shape and the RA located between the BF packets is characterised by a blocky shape [2, 5, 18] . In addition, the neighbouring phases of RA have also affected its C content (Section 4.1). The formation of PF resulted in the rejection of much more C into austenite than that rejected by ferrite in GB and BF lath. Thus, the fraction of neighbouring PF around second phase regions should be first considered. For easy comparison, the fraction of neighbouring PF is defined as the ratio of the PF area and the second phase region area, by drawing a circle in the centre of the latter using a defined radius as shown in Figs. 10(a, b) for two different sizes of second phase regions. In reality, the ratio of volumes should be considered rather than the ratio of the areas. However, only two-dimensional EBSD maps were used in the present work. According to the ratio of the areas, a smaller second phase region has a higher fraction of neighbouring PF than a larger second phase region (c.f. Figs.
10(a) and (b)
). Therefore, after polygonal ferrite formation, the carbon content in smaller remaining austenite region (which will transform to second phase region after bainite formation) is higher than that in the larger remaining austenite region (dot lines in Fig. 10(c) ).
After bainite transformation, compared to a larger second phase region, the amount of ferrite in GB/BF formed in a smaller second phase region is reduced. As a result, the RA in the smaller second phase region will be effectively enriched to a greater extent due to a much larger (almost 6 times, as calculated in section 4.1) contribution of C enrichment to austenite from PF than that from ferrite in BF/GB (solid lines in Fig 10. (c) ). This corresponds to the observed increase in the C content in RA with the decrease in the size of second phase region ( Table 2) , regardless of the RA morphology being film (F1 -F3) or blocky (B1 -B4). When the fraction of the neighbouring PF is similar, the GB and BF should be further considered because the austenite is further enriched by their formation. The F1, B2 and B3
RA were in the same second phase region ( Fig. 3 ) and thus they had the same fraction of neighbouring PF. B3 RA had a higher C content than B2 RA, despite B2 RA being close to the PF/second phase region interface, which expectedly leads to a shorter C diffusion distance from PF. This could be explained as follows. The B3 RA was present in GB, compared to the B2 RA, which was adjacent to ferrite in GB from one side and to PF from another side.
Therefore, a larger interface area with ferrite in GB for B3 RA than that for B2 RA, led to more C atoms being rejected to B3 RA during GB formation. In addition, the size of B3 RA (0.6 µm) is nearly half that of B2 RA (1.1 µm), resulting in a higher C concentration in B3
RA. Comparison of film F1 and blocky B3 RA, shows that F1 RA exhibits higher C content. This is ascribed to a higher fraction of interface area for F1 RA surrounded by BF laths than that for the B3 RA present in GB, resulting in more C atoms rejected into the F1 RA.
Moreover, when cementite is adjacent to austenite, it will act as a C sink, leading to a decrease in the C content in austenite. Comparison of B4 and B5 RA shows that B5 RA has a lower C content even though its second phase region is smaller (Table 2) , which is a result from the carbide formation adjacent to B5 RA (Fig. 6 ).
In addition to C enrichment, the RA was also enriched with Mn. However, the tendency for Mn enrichment in relation to the neighbouring phases was not so clear as for C ( Table 2) . For blocky RA, the Mn content had the same tendency as that for the C content with respect to the size of second phase region. The Mn content increased with a decrease in the size of second phase region because of more Mn atoms being rejected into remaining austenite from a larger fraction of neighbouring polygonal ferrite. When cementite formed, the Mn content decreased in RA ( Fig. 6 ) due to the fact that Mn is a carbide-forming element. For film RA, the Mn content was between 1.68 and 1.95 at. %, and showed no trend with respect to the size of second phase region and RA thickness. The Cr content was also enriched in RA compared with other phases ( Table 2) , but without any tendency in relation to neighbouring phases. Further APT-based characterisation is required to clarify this behaviour; however, such experiments are beyond the scope of the present study.
Following the above discussion with respect to the effect of neighbouring phases (PF, ferrite in GB, BF lath and cementite) on C content in RA, two general conclusions reported in the literature can be contested. Firstly, it has been previously reported that film RA has a higher C content than the blocky RA [18, 27, 58] . However, in the present site-specific atom scale characterisation, film F2 and F3 RA had a lower C content than all the observed blocky RA (Table 2 ). This unexpected low C content was due to the small fraction of neighbouring PF.
Here the film F1 RA exhibited a higher C content than the blocky RA (B1 -B5 and A1) but a lower C content than the blocky A2 RA due to a different fraction of neighbouring PF.
Secondly, there are reports that with a decrease in the RA thickness/size, the C content in RA increases [2, 9, 26, 27] . By contrast, in the present study, even though B4 RA had a larger ECD than B1 -B3 RA, the B4 RA had a higher C content ( Table 2) , again due to a larger fraction of neighbouring PF. However, when RA grains were in the same second phase region having the same fraction of neighbouring PF, comparison of F2 and F3, and B2 and B3, showed that smaller thickness and grain size leads to a higher C content. a b Figure 11 . (a) TEM showing two film retained austenite and (b) corresponding carbon profile along the dark arrow in (a) using electron energy loss spectroscopy. RA is retained austenite and BF is bainitic ferrite lath. Fig. 11 shows an EELS line scan across two film RA grains in the same second phase region, also indicating a relatively higher C content in the thinner film RA (~ 44 nm) than in the thicker one (~ 55 nm). This difference in C content of the two neighbouring film RA suggests that the C distribution at the nanoscale is quite heterogeneous. This has also been observed by and F3 RA. The existence of these two film RA at room temperature could be explained by three-dimensional hydrostatic pressure which restricts the volume expansion and shear deformation from austenite-to-martensite transformation [22, 62] . This observation supports the idea that BF lath can strongly stabilise RA. In addition, the formation of Cottrell atmospheres in RA ( Fig. 7(a) ) also could contribute to its stabilisation by increasing the resistance of austenite transformation to martensite [60] . On the other hand, the high C content observed in the blocky RA enclosed by polygonal ferrite (A1 and A2 in Table 2) provides alternative support to the high stability of this RA during straining, which has been explained by stress relaxation delaying transformation [14] .
Bainite transformation mechanisms
The debate regarding the mechanism of bainite transformation has been ongoing for a long time and is still not resolved. According to the displacive transformation mechanism, the T o curve (Fig. 12) is defined based on the condition that ferrite and austenite have the same chemical composition and the same free energy. The T o´ curve is defined similar to the T o curve, with the additional consideration of the stored energy of the BF lath due to the displacive transformation (400 J·mol -1 ). The austenite-to-ferrite transformation line (Ae 3´) is calculated based on the PE model [29] . Fig. 12 (b) , the C content can be categorized into three groups. The C content in the F2 film RA is lower than T o´, indicating that it could further transform to ferrite. The C content in the F3 film RA is in-between T o´ and T o , indicating the cessation of austenite-to-ferrite transformation. The rest of the RA contains a C content of 5.10 -6.78
at. %, which is much higher than expected post-transformation at the locus of thermodynamic T o´ (2.65 at. %). This is likely due to C partitioning during tempering after the completion of the bainite transformation. Another reason could be the inhomogeneous distribution of C between different austenite grains having different neighbouring phases (as discussed in section 4.2) . This may allow transformation to continue to a larger extent than defined by the thermodynamic conditions based on the assumption of uniform C distribution [29, 63] . The C content in RA did not reach the Ae 3´ line due to the presence of Cottrell atmospheres ( Fig.   7 (a)) and cementite ( Fig. 6) . Also, the C contents in BF lath (0.53±0.02 at. %) and ferrite in GB (0.54±0.02 wt. %) were lower than the T o´ limit, indicating carbon diffusion from ferrite to austenite during the 900 s holding at 400 ˚C. a b Based on the above discussion, it can be concluded that the higher C content in RA and the lower C content in BF lath/ferrite in GB than T o´ can be explained based on diffusionless transformation followed by tempering.
To this end, not only C partitioning between austenite and ferrite in GB/BF was detected in the current APT study, but also partitioning of Mn and to a lesser extent of Cr ( Figs. 4 and 5 ).
Only Mn segregation will be discussed in the following because of its clearly observed spikes. a b Recently, the GEB approach was applied to analyse the bainite transformation based on the diffusional transformation mechanism involving substitutional solute partitioning [32, 33] .
This approach predicts three growth models in the sequence of the PE, NP and P modes depending on the time of bainite nucleation during the IBT process [36] . These three growth models are schematically shown in relation to the dilation curve from the current work during 900 s holding at 400 ˚C ( Fig. 13(a) ), with the corresponding graphical representations of the substitutional solute partitioning ( Fig. 13(b) ). Within the first 200 s of holding, the kinetics of austenite-to-bainite transformation was fast and then became slower up to ~ 400 s, corresponding to the PE condition, where the segregation forms only during subsequent tempering. The transformation kinetics finally reached a plateau corresponding to the NP and P conditions, where the segregation occurs during the growth of bainite. If ferrite in GB/BF formed under NP condition ( Fig. 13(a) ), then substitutional element partitioning will also continue during tempering, and will be manifested by the slight shift of the peak formed at the interface to the austenite side. Since bainite formation under the P condition takes place at a later stage, the time for such a shift will be much less than that for the NP case and the location of the peak will be much closer to the interface, as depicted in Fig. 13(b) .
According to the GEB model, the GB in the location B4 ( Fig. 3(b) ) should form under PE condition because of its early formation during the cooling to the IBT temperature. However, Mn segregation across the interface between austenite and ferrite in GB was observed in the present study ( Fig. 5(e) ). The ferrite nucleated in the PE transformation stage would grow without any substitutional solute segregation at/in the vicinity of the migrating austenite/ferrite interface [36] . Consequently, the observed segregation is expected to occur at the stationary austenite/ferrite interfaces upon tempering after growth completion under the PE condition (as illustrated in Fig. 13(b) ). Similarly, Mn segregation occurring during tempering at 300 °C for 9 h was reported in a C-Mn-Si-Al TRIP steel [64] .
The mean diffusion distance of Mn atoms can be calculated as [65] :
where t is the holding time in seconds and D is the diffusion coefficient. The volume diffusion coefficient of Mn atoms in the fcc iron matrix is expressed as follows [66] : (5) where Q is the activation energy (264000 J•mol -1 ), R is the universal gas constant (8.314 J•mol -1 •K -1 ) and T is the temperature (in Kelvin). At 400 ˚C in the present study, the volume diffusion coefficient of Mn is calculated as 5.7×10 -26 m 2 •s -1 using Eq. (5), which has the same order of magnitude to that in Ref. [67] . It is noted that the GB formed during cooling to the holding temperature. The build-up of Mn atoms at the interface between austenite and ferrite in GB is also assumed to occur during this cooling stage and subsequent isothermal holding after the growth of GB. This is due to the higher diffusion coefficient in ferrite than austenite by two orders of magnitude, leading to atomic jumps of Mn from the interface into the austenite [18, 67] . Thus, the diffusion time is set as 900 s. According to Eq. (4), the mean diffusion distance of Mn atoms in the austenite is only 0.01 nm, which is quite small diffusion compared with the distance of 1.1 nm measured by APT (Table 3) .
However, pipe diffusion of Mn along dislocations should be considered due to the high dislocation density of ferrite lath/plate associated with shear transformation [27] . For instance,
Dmitrieva et al. [24] reported an increase in the Mn diffusion coefficient by a factor of 45 during holding at 450 ˚C because of a pipe diffusion resulting from a high defect concentration in martensite lath. In addition, diffusion along grain boundaries also could accelerate this process [65] . Data regarding the Mn diffusion along dislocations or grain boundaries at low temperatures are scarce. Accordingly, the activation energy of Mn diffusion, which yields the measured diffusion distances of 1.1 nm, was back calculated and the result was 0.79Q. Similarly, it was reported that the activation energy for Cu and Nb pipe diffusion is 0.73Q [68] and 0.78Q [69] , respectively. Moreover, the activation energy for grain boundary diffusion is even smaller than that for pipe diffusion, such as 0.65Q for Nb [53] . Thus, it is possible that Mn atoms could diffuse over the measured distance of 1.1 nm during the 900 s holding at 400 ˚C by a combination of bulk, pipe and grain boundary diffusion.
As shown in Fig. 13(a) , the PE condition finished at ~ 400 s. Therefore, the minimum time for Mn diffusion is ~ 500 s. Based on the estimated activation energy of 0.79Q, the corresponding minimum diffusion distance of Mn is calculated as 0.8 nm. Therefore, the Mn diffusion distance of 1.0 nm on the austenite side across the lower interface between RA and the BF lath ( Fig. 4 and Table 3 ) suggests this BF lath also formed under the PE condition. It is reasonable because this BF lath nucleated from the austenite grain boundary (as shown in Fig.   3(a) ), which occurred at the beginning of the transformation. However, for the case of the upper interface between RA and BF lath (Fig. 4) , the diffusion length of Mn on the austenite side is only 0.1 nm, which is much shorter than the minimum diffusion distance for the PE condition. Thus, this BF lath could have formed under the NP condition followed by tempering, or just under the P condition. Furthermore, this means that the BF lath nucleated from a primary BF lath during holding [36] , however, this cannot be seen in Fig. 3(a) probably due to its limited growth and subsequently small size. Seol et al. [18] also suggested the occurrence of Mn segregation across the interface between austenite and BF lath in Fe-0.71C-1.50Mn-1.5Si-0.5Al steel under the LENP condition (which is similar to NP condition [36] ).
It is noted that regardless of the transformation mode of bainite, the substitutional solute segregation after tempering exhibits a similar profile ( Fig. 13(b) ). Therefore, the observed segregation by Seol et al. [18] also could be ascribed to tempering after BF lath formation under the PE condition instead of the LENP. Consequently, when the transformation model is determined only based on the segregation profile and corresponding modelling using DICTRA and Thermo-Calc software, these similar segregation profiles after tempering should be taken into consideration.
Noticeably, according to the diffusionless model and dilation curve ( Fig. 13(a) ), only diffusionless growth could take place during the first ~ 400 s holding, followed by tempering during subsequent holding, which corresponds to the PE condition in the GEB approach based on diffusional mode. In both conditions, substitutional solutes do not partition during the growth of bainite but only partition during tempering after the completion of growth. For example, Pereloma et al. [28] and Caballero et al. [27] did not detect the segregation of substitutional solutes between RA and BF lath, which was taken as an evidence for diffusionless transformation of carbide-free bainite. Thus, the redistribution of Mn across the interface between RA and ferrite in GB ( Fig. 5 ) and between RA and BF lath (lower interface in Fig. 4 ), which was ascribed to ferrite formation under the PE condition followed by tempering, could also be explained by diffusionless growth followed by tempering.
More importantly, the segregation of Mn across the RA/BF lath interface (upper interface in Fig. 4 ) can only be explained by ferrite formation under the NP or P conditions due to its small shift of 0.1 nm towards the austenite side, which is not consistent with the distance for the ferrite formation under PE condition or diffusionless growth followed by tempering. This indicates that bainite formation can be at least locally controlled by a diffusional mechanism, although this kind of segregation was only observed in one APT data set. Furthermore, there is a degree of uncertainty in the determination of the exact RA/BF interface in the APT data, due to the experimental error expected in such analysis. To reach a more convincing and definite answer, a series of further experiments on the segregation of Mn across the interface between austenite and ferrite in GB/BF during both early and late stages of bainite transformation are required.
Conclusions
Site-specific RA characterisation carried out by correlating EBSD, TEM and APT provided insights into the effect of neighbouring phases on the C content in RA and the substitutional solute segregation across interfaces.
(1) PF formation contributed more carbon to the neighbouring austenite than BF and GB formations. Carbon rejection to austenite was more efficient during BF formation than during GB formation due to a higher ratio of ferrite/ austenite interface area to the austenite volume for BF lath. However, adjacent to austenite, cementite acted as a carbon sink and resulted in a decrease in the carbon content in austenite.
(2) Two former ideas generally accepted in the literature are contested; namely, that blocky RA has a lower carbon content than film RA and that RA with a smaller size/thickness has a higher carbon content than coarser RA. It has been shown that the above two ideas are not necessarily always correct and instead the neighbouring phases of RA should be first taken into consideration.
(3) Despite that the calculated martensite transformation start temperatures (147 -241˚C) was much higher than room temperature, film RA was stabilised at room temperature due to high hydrostatic pressure from BF laths.
(4) The diffusion of C and Mn could be explained based on either the diffusional mechanism under the PE, NP or P conditions and/or the diffusionless mechanism followed by tempering.
Bainite formation under the NP or P condition suggests at least locally controlled diffusion of substitutional solutes across the austenite /BF lath interface.
